Abstract -New procedures f o r photorearrangement o f 2,5-cyclohexadien-Iones t o bicyclo[3.l.0lhexenones
INTRODUCTION
The photorearrangements o f 2,4-and 2,5-cyclohexadien-l-ones have been o f i n t e r e s t t o organic chemists f o r many years. Cyclohexadienone photochemistry has been used i n m u l t i s t e p o r g a n i c synthesis, b u t t h e f u l l s y n t h e t i c p o t e n t i a l remains t o be e x p l o i t e d . A recent development o f methods f o r t h e conversion o f 1,4-cyclohexadienes 1 i n t o 2,4-cyclohexadien-1-ones 2 ( r e f . 1 ) and 2,5-cyclohexadien-l-ones 3 ( r e f . 2) represents an important step towards t h i s goal. Cyclohexadienes 1 a r e prepared by t h e a l k a l i metal i n ammonia-promoted r e d u c t i v e a l k y l a t i o n o f benzoic a c i d d e r i v a t i v e s . dien-1-ones w i t h a wide range of s u b s t i t u e n t s i n both racemic and e n a n t i o m e r i c a l l y pure form.
This account w i l l focus on t h e photochemistry of 2,5-cyclohexadien-l-ones 3 and r e l a t e d compounds. P a r t i c u l a r emphasis w i l l be d i r e c t e d a t : oxyal l y l zwi t t e r i o n s generated from photorearrangements o f 2,5-cyclohexadien-l-ones and 2) t h e i n t r a m o l e c u l a r 2+2 photocycloaddition o f 2,5-cyclohexadien-l-ones.
The methodology provides 2,4-and 2,5-cyclohexa-1) t h e i n t r a m o l e c u l a F r e a c t i v i t y o f 3 1 2 Chapman and co-workers have demonstrated t h e v i a b i l i t y of i n t e r m o l e c u l a r c y c l o a d d i t i o n o f f u r a n and a d d i t i o n o f methanol t o o x y a l l y l z w i t t e r i o n s 7 generated from photorearrangement o f bicycloC3.l.O]hexenones ( r e f . 4). f i r s t examples o f i n t r a m o l e c u l a r r e a c t i o n s of photochemically generated s t e r o i d a l oxyal l y l z w i t t e r i o n s r e l a t e d t o I w i t h proximate alcohol and ketone carbonyl groups ( r e f . 5).
Although many research groups have c o n t r i b u t e d t o t h e c o n t i n u a l l y expanding body o f dienone photochemistry, much of t h e c u r r e n t understanding o f t y p e A p h o t o r e a c t i v i t y o f 2,5-cyclohexadien-I-ones 4 i s due t o Zimmerman and Schuster ( r e f . 3). gathered t o suppzrt t h e existence o f o x y a l l y l z w i t t e r i o n s 5 i n t h e t y p e
Subsequently, Wilriams and co-workers r e p o r t e d t h e
PHOTOREARRANGEMENTS OF 2,5-CYCLOHEXADIEN-l -ONES
It has been shown t h a t i r r a d i a t i o n s o f 4-alkyl-4-carbomethoxy-2,5-cyclohexadien-l-ones 8 a t 366 nm g i v e phenols 9 and 10, presumably v i a photorearrangement o f i n t e r m e d i a t e b i c y c l o r [3.1.O]hexenones; y , t j F e f . 2b). The e x c l u s i v e m i g r a t i o n o f t h e carbomethoxy r a t h e r than t h e primary a y l group i n t h e i n t e r m e d i a t e z w i t t e r i o n 1 i s noteworthy. m i g r a t i o n tendency has been determined f o r t h e carbethoxy group i n t h e acid-catalyzed dienone-phenol rearrangement ( r e f . 6). 
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The corresponding photorearrangements of 4-alkyl-4-cyano-2,5-cyclohexadien-l-ones 11 p r o v i d e -9 : l diastereoisomeric mixtures o f bicyclo[3.l.0lhexenones 12 w i t h no t r a c e s o f p h e n o l i c products; x., 13 ( r e f . 2b). s u b s t i t u t e d bicyclohexenones, 12, might be a r e s u l t o f a r e t a r d a t i o n i n t h e r a t e o f photoi s o m e r i z a t i o n t o t h e t y p e 1 z w x t e r i o n . A l t e r n a t i v e l y , z w i t t e r i o n 7 might be generated, b u t t h e f a i l u r e t o observe cyano group m i g r a t i o n could be a r e s u l t o f a-low " m i g r a t i o n tendency" r e l a t i v e t o t h e carbomethoxy group. Control experiments i n d i c a t e t h a t t h e f i r s t e x p l a n a t i o n probably i s not c o r r e c t . The photoisomerization of cyclohexadienones o f t y p e 2 may p r o v i d e a unique o p p o r t u n i t y t o study t h e m i g r a t i o n tendency o f a cyano group t o an e l e c t r o n d e f i c i e n t c e n t e r i n t h e absence o f a c i d i c c a t a l y s t s . -15 and 16 r e s u l t e d i n photoisomerization t o predominately t h e diastereoisomeric s e r i e s g w i t h t h e carbomethoxy group endo t o t h e 3-methoxyenone chromophore.
The s t a b i l i z i n g e f f e c t o f t h e 6-methoxy group i n bicyclohexenones 15 and 16 i s a t l e a s t p a r t i a l l y a r e s u l t of t h e wavelength of l i g h t used i n t h e photorearrangement o f 14 t o 15 and -16 (366 nm).
phenols. phenols (but, i n t e r e s t i n g l y , nqt photointerconversion) may be r e l a t e d t o t h e a n t i c i p a t e d ( r e f . 7) l o w e r i n g o f t h e TI + I I $ r i p l e t s t a t e o f t h e enone group by t h e 3-methoxy s u b s t it u e n t . Indeed, t h e normal n + A i n i t i a t e d photorearrangement t o a bicyclohexenone i s completely suppressed i n t h e case of t h e 3,5-dimethoxy-2,5-cyclohexadien-l-one 17.
o t h e r s y n t h e t i c a l l y u s e f u l s u b s t i t u e n t e f f e c t s are t o p i c s o f c u r r e n t s t u d i e s d i r e c t e d a t an e x p l o r a t i o n o f t h e e x c i t e d s t a t e k i n e t i c s o f 2, 17, and r e l a t e d substances.
I r r a d i a t i o n o f 14 ( o r 15 and 16) w i t h l i g h t > 300 nm provided t h e K t i c i z t e d It i s suspected t h a t t h e reluctance o f 5 and E t o undergo photorearrangement t o This and
Me0 4 OMe p y p -d p (R=Me) occurs by e x t e r n a l cyclopropane bond "b" cleavage r a t h e r than t h e i n t e r n a l bond "a5'-cleavage ( r e f .
2b). This c h e m o s e l e c t i v i t y c o r r e l a t e s w i t h t h e r e l u c t a n c e o f t h e 4-methoxybicyclohexenones 15 and 16 t o undergo photorearrangement t o phenols, a process t h a t must occur by bond "a" cleavage t o g i v e z w i t t e r i o n I. It i s t e m p t i n g t o r e l a t e bond "a" cleayage o f t h e h y p o t h e t i c a l b i c y c l ohexenones t h a t photorearrange t o phenols 9 and lo t o n + II enoQe e x c i t e d -s t a t e c h a r a c t e r
and bond "b" cleavage i n t h e 4-methoxybicyclohexenones t o T + II c h a r a c t e r .
It a l s o was discovered t h a t 20 undergoes photoracemization t o 21, i n d i c a t i n g t h a t t h e r e i s a pathway f o r r e t u r n o f t h e e x c i t e d s t a t e o f 20 and/or p r i m a r y p E t o p r o d u c t t o t h e 2,5-cyclohexadienone. Mechanistic s p e c u l a t i o n has been o f f e r e d t o account f o r t h i s o b s e r v a t i o n ( r e f . 2b) b u t , again, a d e t a i l e d a n a l y s i s o f t h e e x c i t e d s t a t e k i n e t i c s would be h e l p f u l i n f u r t h e r e l u c i d a t i n g t h e s u b s t i t u e n t e f f e c t s .
I r r a d i a t i o n o f t h e e n a n t i c e r i c a l l y p u r e 2,5-cyclohexadien-l-one 
y c l o a d d i t i o n s w i t h s u i t a b l y s u b s t i t u t e d z w i t t e r i o n s o f t y p e 5 ( r e f . 9 ) , t h i s account i s concerned o n l y w i t h i n t r a m o l e c u l a r c y c l o a d d i t i o n s o f t h e t y p e L z w i t t e r i o n . We have found t h a t i t i s p o s s i b l e t o c a r r y o u t i n t r a m o l e c u l a r z w i t t e r i o n c y c l o a d d i t i o n s t o f u r a n , t h e a l k y l a z i d e group, and v a r i o u s o l e f i n s . I n a l l cases, i t i s necessary t o c o n s i d e r a l t e r n a t i v e r e a c t i o n pathways i n v o l v i n g m i g r a t i o n s w i t h i n t h e z w i t t e r i o n . example, i r r a d i a t i o n o f 22a p r o v i d e s t h e expected bicyclohexenone 23a, which s l o w l y photorearranges t o phenol 2 4 , T d i c a t i n g t h a t i n t r a m o l e c u l a r c a p t u r e o f T e z w i t t e r i o n by t h e f u r a n y l s u b s t i t u e n t i s n o t c o m p e t i t i v e w i t h carbomethoxy group m i g r a t i o n . However, E,
m o d i f i e d t o slow t h e m i g r a t i o n process, photorearranges t o f u r a n adduct 3 ( v i a t h e i s o l a b l e i n t e r m e d i a t e bicyclohexenone 23J) i n e x c e l l e n t y i e l d ( r e f . 10a).
The photorearrangement o f = t o 25 p r o v i d e s s t r o n g a d d i t i o n a l evidence t o support t h e c o n t e n t i o n t h a t o x y a l l y l z w i t t e r i o n s a r e i n v o l v e d i n t h e conversions o f bicyclohexenones t o phenols; 9.. 3 + 24. These photorearrangements occur w i t h r e l a t i v e l y poor quantum e f f i c i e n c y because o f t h e C(4) methoxy group. 26b undergo -q u a n t i t a t i v e photorearrangement t o 11 and 28 i n 1.5 t o 3 h. I n b o t h c a K 5 i n t e r m e d i a t e bicyclohexenones a r e t o o p h o t o r e a c t i v e t o be d e t e c t e d by conventional *; NMR analyses ( r e f . 10a).
The c y c l o a d d i t i o n o f o x y a l l y l z w i t t e r i o n s t o a l k y l azides represents a new 3+3 a n n e l a t i o n process; s., =+ 8. It should be noted t h a t t h e s e q u e n t i a l photorearrangements of 26b
and r e l a t e d 2,5-cyclohexadien-l-ones occur e f f i c i e n t l y i n t h e presence o f t h e p o t e n t i a l l y 
trimethyl-2,5-cyclohexadien-l-one (29), a l b e i t i n low o v e r a l l y i e l d . B r i e f i r r a d i a t i o n o f
29 i n benzene s o l u t i o n a t 366 nm gave t h e bridged f u r a n adduct 30 i n e x c e l l e n t y i e l d ( r e f .
m b ) . c o n f i r m i n g t h a t t h i s and o t h e r adducts obtained by i n t r a m o l e c u l a r o x y a l l y l z w i t t e r i o n a d d i t i o n s t o t h e f u r a n r i n g have t h e C(8)-C(9) double bond endo t o t h e carbonyl group.
-endo-Orientation a l s o has been reported f o r t h e i n t e r m o l e c u l a r process ( r e f . 4).
While t h e a v a i l a b l e data do n o t e l u c i d a t e t h e t i m i n g o f adduct bond formations (stepwise o r concerted), i t i s apparent t h a t o r i e n t a t i o n a l preference i n t h e i n t r a m o l e c u l a r process
The molecular s t r u c t u r e o f 30 was determined by X-ray c r y s t a l l o g r a p h i c analysis,
30 c o r r e l a t e s w i t h product s t a b i l i t y . s t a b l e than t h e =-isomer. Molecular mechanics c a l c u l a t i o n s support t h i s hypothesis and suggest t h a t t h e major source o f i n s t a b i l i t y i s r i n g s t r a i n i n t h e connecting t e t r a h y d r o -
f u r a n y l u n i t . This reasoning can be extended t o an analogous c o n s i d e r a t i o n of 3 and 11.
The v i n y l s u b s t i t u t e d o x y a l l y l z w i t t e r i o n behaves as a two-electron component i n cycloaddit i o n s t o f u r a n and t h e azide group t o g i v e adducts 3, 27, and 2. This z w i t t e r i o n i n 2 r e a c t s as a f o u r e l e c t r o n component w i t h o l e f i n s t o g i v e bridged carbocycles 33 and 34
; h e t e r o c y c l e 35 a l s o has been obtained.
P r e l i m i n a r y data i n d i c a t e t h a t t h e d i x r i b u t z n o f products s t r z g l y depends on t h e n a t u r e o f t h e s u b s t i t u e n t s attached t o t h e o l e f i n ( r e f . 11). 
Molecular models show t h a t endo-30 i s considerably more

tricyclodec-2-en-4-one (38). The n i t r i l e d e r i v a t i v e 36b was prepared t o suppress t h e m i g r a t i o n tendency o f t h F C ( 4 ) s u b s t i t u e n t ( v i d e s u p r G I r r a d i a t i o n
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The i n t e r -and i n t r a m o l e c u l a r 2+2 p
h o t o c y c l o a d d i t i o n o f an a,6-unsaturated carbonyl system t o an alkene i s an i m p o r t a n t process f o r t h e c o n s t r u c t i o n o f a c y l s u b s t i t u t e d cyclobutanes ( r e f . 13). However, p h o t o c y c l o a d d i t i o n s o f o l e f i n s o r acetylenes t o 2,5-cyclohexadien-1-ones a r e unprecedented. c y c l o a d d i t i o n must be i n c o m p e t i t i o n w i t h t h e n o r m a l l y e f f i c i e n t t y p e A photorearrangement o f 2,5-cyclohexadien-l-ones. The p o t e n t i a l s y n t h e t i c v a l u e o f t h e f o r m a t i o n o f t r i c y c l odecenones of t y p e 38 f o l l o w s from: 1) t h e now general a v a i l a b i l i t y o f 4 , 4 -d i s u b s t i t u t e d -
2 , 5 -c y c l o h e x a d i e n -~o n e s i n racemic o r e n a n t i o m e r i c a l l y pure form, 2) t h e d i v e r s e funct i o n a l i t y i n 2 and analogues t h a t would be a v a i l a b l e f o r subsequent s y n t h e t i c m a n i p u l a t i o n , and 3) t h e wide range of s y n t h e t i c conversions of acyl s u b s t i t u t e d cyclobutanes a l r e a d y a v a i l a b l e ( r e f . 13).
This chemistry i s of mechanistic s i g n i f i c a n c e because t h e 2+2
The t y p e A photorearrangement can be avoided completely w i t h t h e 3-methoxy-2,5-cyclohexadien-1-ones 42a-e. For example, i r r a d i a t i o n o f 42a a t 366 nm i n deaerated benzene s o l u t i o n f o r 3 h g a v e T ( > 9 5 % y i e l d ) along w i t h l e s s t h x 5 % o f t h e r e g i o i s o m e r i c t r i c y c l o d e c e n o n e _. 43b. R e m a r k a n , 42b, t h e 4 -( 3 ' -b u t e n y l ) analogue o f t h e u n r e a c t i v e 2, gave 43c i n q u a n t i t a t i v e y i e l d T t h about t h e same quantum e f f i c i e n c y as t h a t f o r t h e conversion o f 3 t o s. However, increased q u a n t i t i e s o f 43e were o b t a i n e d i n s o l v e n t s This m a t e r i a l u n d e r w e n t 7 n t r a m o l e c u F 2+2 This p r i n c i p l e i s i l l u s t r a t e d f o r t h e i n t r a m o l e c u l a r 2+2
P r e l i m i n a r y c h a r a c t e r i z a t i o n o f t h e e x c i t e d -s t a t e responsible f o r 2 t 2 v c l o a d d i t i o n suggests t h a t s i g n i f i c a n t m i x i n g o f t h e T + T* t r i p l e ts t a t e w i t h t h e n + II t r i p l e t -s t a t e normally associated w i t h t y p e A p h o t o r e a c t i v i t y i
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We have examined t h e concept o f remote s t e r e o c o n t r o l ( r e f . 14) v i a placement o f a c h i r a l c e n t e r on t h e butenyl s i d e chain; 9. 3. Racemic 3 was prepared t o serve both as a p o t e n t i a l s y n t h e t i c i n t e r m e d i a t e i n t h e p r e p a r a t i o n o f racemic 9-isocyanopupukeananeY a n a t u r a l marine isocyanide ( r e f . 15) and as a probe o f t h e mechanism o f t h e i n t r a m o l e c u l a r 2+2 photocycloaddition. I f t h e t r a n s i t i o n s t a t e f o r formation o f t h e cyclobutane r i n g resembles t h e s t a r t i n g 2,5-cyclohexadien-l-one, 3, then 48, i n which t h e b u l k y carbomethoxy and i s o p r o p y l groups a r e a n t i disposed, ought t o be t h e major product. I f product development c o n t r o l operates, then 49 would be t h e expected product because t h e i s o p r o p y l i l i a r y provides e n a n t i o m e r i c a l l y pure tricyclodecenone. Other p o t e n t i a l l y u s e f u l c h i r a l a u x i l i a r i e s a r e being examined ( r e f . 16).
